
Abstract

Aims/hypothesis. Insulin enhances coronary vasodila-
tion in healthy subjects. We tested whether insulin is
able to induce coronary vasodilation in Type I (insu-
lin-dependent) diabetic mellitus patients. Additionally,
the effect of short-term hyperglycaemia on myocardial
perfusion was studied.
Methods. Myocardial blood flow was quantitated ba-
sally and during adenosine infusion (140 µg/kg per
min iv) with or without simultaneous insulin infusion
(1 mU/kg per min for 60 min) in nine non-smoking
Type I diabetic males (HbA1c 7.4±1.0%) without dia-
betic complications and 10 healthy non-diabetic other-
wise matched males using positron emission tomogra-
phy and 15O-water. Diabetic patients were studied on
two occasions, once during normoglycaemia (plasma
glucose ~6 mmol/l) and once during hyperglycaemia
(~10 mmol/l) induced by reducing the dose of insulin
for two days.
Results. Resting myocardial blood flow was similar in
the studied groups (NS). Hyperaemic adenosine stim-

ulated flow was 23% lower in diabetic than in non-
diabetic subjects (3.09±0.72 vs 4.0±1.13 ml·g–1·min–1,
p<0.05). Insulin increased significantly adenosine
stimulated flow by 23% in diabetic and 17% in non-
diabetic subjects (NS between the groups). Hyper-
glycaemia for two days had no effect on flow values
when compared to the values during normoglycaemia
(NS).
Conclusion/interpretation. Insulin has similar vasodi-
lative effects on coronary arteries in diabetic and non-
diabetic subjects. Short-term hyperglycaemia does not
alter myocardial blood flow or abolish insulin induced
vasodilation in these patients. Insulin induced coro-
nary vasodilation might contribute to the known bene-
ficial effect of intensive insulin therapy on myocardial
ischaemia in diabetic patients. [Diabetologia (2002)
45:775–782]
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tery disease and cardiovascular disease is the leading
cause of death in diabetic patients [1]. Most studies in
diabetic patients have shown reduced coronary vaso-
reactivity [2, 3, 4] due to impaired endothelial func-
tion [2]. The previous studies, however, have included
patients with both Type I and Type II diabetes [2, 4] or
other potentially confounding factors, such as diabetic
complications, smoking, hypertension, obesity and
lipid abnormalities [2, 3, 4] which are known to also
reduce coronary vasoreactivity [5, 6, 7, 8]. Therefore,
attribution of the found abnormalities in coronary mi-
crovascular function of the previous studies to diabe-
tes in itself might be questioned.

Type I (insulin-dependent) diabetes mellitus is an im-
portant risk factor for the development of coronary ar-



Insulin induces a dose and time-dependent vasodi-
lation in the peripheral arteries [9, 10, 11] by a endo-
thelium-dependent mechanism including the L-argi-
nine-nitric oxide pathway [12, 13] and the sympathet-
ic nervous system [13]. Insulin induces vasodilation
also in myocardial vasculature in healthy humans
[14]. In addition to insulin actions on substrate metab-
olisms [15, 16, 17, 18], insulin-induced coronary va-
sodilation might contribute to the known beneficial ef-
fect of insulin on myocardial ischaemia. Although dia-
betic patients with acute myocardial infarction espe-
cially benefit from intensive intravenous insulin thera-
py [19], no studies of insulin’s vasodilatory effects on
myocardial circulation have been done in diabetic pa-
tients.

Poor glycaemic control seems to act as an indepen-
dent risk factor for coronary artery disease in diabetic
patients [20, 21, 22, 23]. Chronic hyperglycaemia in
Type I diabetes is associated with impaired endotheli-
um-dependent vasodilation [24, 25] which might be
due to reduced availability of nitric oxide during hy-
perglycaemia [26].

Positron emission tomography (PET) allows myo-
cardial blood flow and coronary vasoreactivity to be
noninvasively measured in humans [27] even though
the high costs and limited availability prevent its wid-
er use. PET indicates that coronary vasoreactivity is
lower in patients with coronary heart disease (CHD),
Type I diabetes, hypertension, and hyperlipidaemias
and correlates with the risk factors of CHD even in
healthy subjects [28]. The most widely used tracer to
measure myocardial perfusion is oxygen-15-labeled
water ([15O]-H2O) and adenosine induced hyperaemia
has been commonly used as a measure of coronary
vasoreactivity [29, 30].

In this study, we examined the effect of insulin on
coronary vasodilation in diabetic patients and whether
short-term (2 days) hyperglycaemia alters myocardial
flow and coronary vasodilation in diabetic patients.
Myocardial blood flow and hyperaemic adenosine
stimulated flow with or without simultaneous hyperin-
sulinaemia were determined after an overnight fast us-
ing PET and [15O]H2O. Myocardial perfusion of dia-
betic patients was studied both during good glycaemic
control and during hyperglycaemia.

Subjects and methods

Subjects. Nine non-smoking otherwise healthy Type I diabetic
males (age 33±8 years) with good glycaemic control and with-
out any diabetic complications were investigated (Table 1).
The duration of diabetes was 15.0±9.7 years and HbA1c
7.4±1.0%. The diabetic patients were followed up for one
month before the PET study and the administration of insulin
was optimised if needed. The results of the diabetic patients
were compared with results of ten non-smoking, non-diabetic
otherwise matched healthy men. Echocardiographically deter-
mined left ventricular mass, dimensions and function as well

as the stress echocardiographies and electrocardiograms were
normal in all studied subjects. Each subject gave a written in-
formed consent. The study was conducted according to the
guidelines of the Declaration of Helsinki, and the study proto-
col was accepted by the Ethics Committee of the Turku Uni-
versity Central Hospital.

Study design. Diabetic patients were studied on two separate
days, once during good glycaemic control (plasma glucose:
fasting 5–7 mmol/l and postprandial <9 mmol/l) and thereafter
during hyperglycaemia for two days (plasma glucose: fasting
10–11 mmol/l and postprandial >12 mmol/l). Good glycaemic
control was achieved by increasing insulin doses if needed.
Hyperglycaemia was induced by reducing the intermediate-act-
ing insulin dose by one third for two days. The non-diabetic
subjects were studied only once, during normoglycaemia.

PET studies were done after an overnight fast. Additionally,
the subjects were instructed to avoid all caffeine containing
drinks and foods for 12 h before the PET studies. In the PET
study morning, the normal dose of intermediate-acting insulin
was reduced by one third during normoglycaemia and with-
drawn during hyperglycaemia and short-acting insulin were
withdrawn in both mornings. On each study day myocardial
perfusion was measured three times (Fig. 1). The first mea-
surement was done at rest, and the second after administration
of adenosine (140 µg/kg per min for 5 minutes i.v.). Thereafter
insulin infusion (Actrapid Human; Novo Nordisk, Copenha-
gen, Denmark) (1 mU/kg per min) [31] was started into the
right antecubital vein and continued for 60 min before the sec-
ond intravenous infusion of adenosine and the third perfusion
measurement. Normoglycaemia (plasma glucose ~5.5 mmol/l)
or hyperglycaemia (plasma glucose ~10 mmol/l) were main-
tained using a variable rate of 20% glucose. The rate of the
glucose infusion was adjusted according to plasma glucose de-
terminations done every 5 min from arterialized venous blood.
Samples for serum insulin and non-esterified fatty acids were
taken every 30 min. Whole body glucose uptake was calculat-
ed from the glucose infusion rate after correcting for changes
in the glucose pool size [31]. Electrocardiogram and heart rate
were monitored continuously during the studies. Blood pres-
sure was monitored with an automatic oscillometric blood
pressure monitor (OMRON HEM-705C, Omron Healthcare,
Hamburg, Germany) during the PET study.
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Table 1. Characteristics of the study subjects

Type I diabetic Non-diabetic

n 9 10
Age (years) 33 (8) 33 (8)
BMI (kg/m2) 24.9 (3.0) 24.6 (2.2)
VO2 max (ml·kg–1·min–1) 35 (4) 36 (3)
Blood pressure (mmHg) 116/72 (4/7) 117/66 (10/8)
HbA1c (%) 7.4 (1.0)a 5.3 (0.5)
Cholesterol (mmol/l) 4.4 (0.9) 5.2 (0.7)
HDL-cholesterol (mmol/l) 1.4 (0.3) 1.5 (0.3)
Triglycerides (mmol/l) 0.9 (0.5) 1.1 (0.5)
LDL-cholesterol (mmol/l) 2.7 (0.8) 3.2 (0.7)
Apo A-1 (g/l) 1.61 (0.26) 1.51 (0.09)
Apo B (g/l) 0.87 (0.25) 0.93 (0.18)
Lp(a) (U/l)b 65 (57) 178 (55)

VO2 max, maximal aerobic capacity; Apo A-1, apoprotein A-
1; Apo B, apoprotein B; Lp(a), lipoprotein A
a p<0.0001 vs non-diabetic
b Value expressed as mean (median)



Production [15O]H2O. For production of 15O a low-energy
deuteron accelerator Cyclone 3 was used (Ion Beam Applica-
tion, Louvain-la-Neuve, Belgium). 15O-labelled water was pro-
duced using dialysis techniques in a continuously working wa-
ter module [32]. Sterility and pyrogenity tests for water and
chromatographic analysis for gases were done to verify the pu-
rity of the products.

Image acquisition, processing and corrections. The subjects
were positioned supine in a 15-slice ECAT 931/08-12 tomo-
graph (Siemens/CTI, Knoxville, Tenn., USA). After the trans-
mission scan, myocardial perfusion was measured with an in-
travenous injection of [15O]H2O (~1.5 GBq) at rest and 60 sec
after each intravenous administration of adenosine. Each dy-
namic scan lasted for 6 min (6×5s, 6×15 s, 8×30 s). All data
were corrected for deadtime, decay, and photon attenuation
and reconstructed into a 128×128 matrix. Images were pro-
cessed using a recently developed MRP reconstruction algo-
rithm [33].

Calculation of regional myocardial blood flow. Regions of in-
terest (ROIs) were drawn in the lateral, anterior and septal wall
of the left ventricle in four representative transaxial slices in
each study as described previously [6]. The ROIs outlined in
the baseline images were copied to the images obtained after
adenosine administration. Values of regional myocardial blood
flow (expressed in ml/gram of tissue per min) were calculated
according to the previously published method using the single
compartment model [34, 35]. The arterial input function was
obtained from the left ventricular time activity curve using a
previously validated method [36], in which corrections were
made for the limited recovery of the left ventricular ROI and
the spillover from the myocardial signals. The average blood
flow of the lateral and anterior part of the myocardium was
calculated and used in further analysis.

Retinal photography and sensory nerve function tests. Retinal
photography was performed after mydriatic instillation with a
Canon CR4-45NM fundus camera (Canong, Kanagawa, Japan)
and one 45% field photograph, including areas of papilla and
macula, was taken from each eye. Polaroid photoprints were
analysed by one experienced diabetologist (TR). To exclude

peripheral neuropathy Semmes-Weinstein monofilament test
was used to examine cutaneous pressure sensation of 10 plan-
tar sites on both feet [37].

Echocardiographic examination. To rule out silent ischaemia
and cardiomyopathy subjects underwent a rest and a bicycle ex-
ercise echocardiographic examination. All echocardiographic re-
cordings and analyses were done by the same experienced inves-
tigator (ML) using a commercially available ultrasound scanner
(Acuson 128XP/10, Acuson, Mountain View, Calif., USA).
Standard echocardiographic views of the left ventricle were ob-
tained and cardiac dimensions were measured first at rest.
Thereafter an upright bicycle-ergometer exercise test was done
by increasing work load by 20 W at 1 min intervals. The test
was symptom-limited maximal exercise test and continued until
extreme fatigue when at least 90% of the predicted maximum
heart rate was reached. The echocardiograms were recorded be-
fore and immediately after the exercise. All subjects had a nor-
mal exercise capacity, were asymptomatic, had no diagnostic
ST-changes in electrocardiograms and no wall motion distur-
bances either at rest or immediately after the maximal exercise.

Analytical methods. Plasma glucose was determined by the
glucose oxidase method [38]. Serum insulin was measured by
radioimmunoassay kit (Pharmacia, Uppsala, Sweden). Serum
total cholesterol, high density lipoprotein (HDL) cholesterol
and triglyceride concentrations were measured using standard
enzymatic methods (Boehringer Mannheim, Mannheim, Ger-
many) with a fully automated analyzer (Hitachi 704; Hitachi,
Tokyo, Japan). The low density lipoprotein (LDL) cholesterol
concentration was calculated by using the Friedewald formula
[39]. Apolipoprotein A-1 (apo A-1) and apolipoprotein B (apo
B) were measured by an immunonephelometric method (Beh-
ring BNA, Marburg, Germany). The serum lipoprotein(a)
(Lp[a]) was determined using a solid-phase two-site immuno-
radiometric assay (Mercodia Apo(a) RIA; Mercodia AB, Upp-
sala, Sweden). The first morning urine sample was analysed to
define the ratio of urine albumin (mg/l) to urine creatine con-
centration (mmol/l) to screen for microalbuminuria [40]. If the
screening test gave a positive result (≥2 mg/mmol), urinary al-
bumin excretion was measured with immunonephelometry
(Behring) using antiserum from Dakopatts (Glostrup, Den-
mark). Microalbuminuria was defined as an albumin excretion
rate of 20 µg/min or more in at least two of the three collected
urine samples.

Statistical methods. The results are expressed as mean values
and standard deviation unless mentioned otherwise. The effect
of insulin and hyperglycaemia on flow values between the two
study days, the responses to adenosine infusion, and the inter-
action of these variables were tested using repeated measures
by analysis of variance (procedure Mixed in Statistical Analy-
sis System, SAS Institute, Cary, N.C., USA). For correlation
analysis, Spearman’s correlation coefficients were calculated.
Paired and unpaired t tests were used when appropriate. A p
value of less than 0.05 was interpreted as statistically signifi-
cant. All statistical tests were carried out with SAS statistical
analysis system (SAS Institute, Gary, N.C., USA).

Results

Metabolic and hormonal characteristics of the study
subjects. During normoglycaemia plasma glucose, se-
rum free fatty acid concentrations and insulin-stimu-
lated whole body glucose uptake values were similar,
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Fig. 1. Design of the study. Myocardial perfusion (solid
square) was measured with [15O]H2O three times: once during
basal conditions and two times during adenosine stimulation
without and with simultaneous insulin infusion. Insulin was in-
fused at rate 1 mU·kg–1·min–1



but serum insulin concentrations were significantly
higher in diabetic patients both in the fasting state and
during hyperinsulinaemia when compared to non-dia-
betic subjects (Table 2 ).

After reduction of insulin dose for 2 days fasting and
postprandial plasma glucose values increased signi-
ficantly according to patients’ home measurements
(9.8±0.7 vs 6.5±0.6 mmol/l and 12.3±1.8 vs
8.2±1.4 mmol/l, hyperglycaemia vs normoglycaemia,
fasting and postprandial, p<0.05). During PET studies
plasma glucose was 10.8±1.6 vs 6.8±2.8 mmol/l before
insulin infusion (hyperglycaemia vs normoglycaemia,
p<0.05) and 10.1±0.5 vs 5.8±1.4 mmol/l (p<0.001) dur-
ing hyperinsulinaemia in the diabetic patients (Table 2).
Plasma insulin, serum non-esterified fatty acid concen-
trations and insulin-stimulated whole body glucose up-
take rates were not significantly different during the
two PET study days in diabetic patients (Table 2).

Haemodynamic measurements during PET study. Aden-
osine administration induced a significant increase in
heart rate and rate-pressure products both basally and
during hyperinsulinaemia and no difference was detected
in any of the haemodynamic parameter either at rest or
during the PET studies in the all studied subjects (Ta-
ble 3).

Myocardial blood flow during normoglycaemia. No
significant difference was detected in resting myocar-

dial blood flow (0.79±0.13 vs 0.89±0.21 ml·g–1·min–1,
diabetic and non-diabetic, NS; Fig. 2). During adeno-
sine induced hyperaemia myocardial blood flow value
was 23% lower in diabetic than non-diabetic subjects
(3.09±0.72 vs 4.0±1.13 ml·g–1·min–1, p<0.05). A sig-
nificant inverse association was found between adeno-
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Table 2. Metabolic and hormonal characteristics of the study
subjects

Fasting During clamp

Plasma glucose (mmol/l)
Non-diabetic 5.4 (0.6) 5.1 (0.5)
DM 6.8 (2.8) 5.8 (1.4)
DM (hg) 10.8 (1.6)a 10.1 (0.5)b

S-insulin (mU/l)
Non-diabetic 6 (2) 63 (12)c

DM 17 (7)d 93 (27)c, d
DM (hg) 6 (3) 80 (36)c

S-NEFA (µmol/l)
Non-diabetic 608 (347) 100 (39)***
DM 399 (222) 97 (64)***
DM (hg) 633 (373) 83 (35)***

WBGU (µmol/kg·min)
Non-diabetic 35.5 (11.7)
DM 30.2 (12.2)
DM (hg) 36.3 (11.9)

DM, Type I diabetic; hg, during hyperglycaemia; NEFA, non-
esterified fatty acids; WBGU, whole body glucose uptake
a p<0.05, bp<0.001 vs normoglycaemia
c p<0.05 vs fasting
d p<0.05 vs non-diabetic

Table 3. Haemodynamic data during PET in the hyperglycae-
mia study

Rest Adenosine infusion

Saline Insulin

Heart rate (beats/min)
Non-diabetic 55 (5) 99 (12)a 104 (8)a

DM 57 (8) 101 (8)a 106 (6)a

DM (hg) 58 (8) 102 (11)a 103 (12)a

Systolic BP (mmHg)
Non-diabetic 117 (10) 118 (9) 124 (14)
DM 117 (4) 122 (11) 127 (8)b

DM (hg) 116 (7) 114 (12) 118 (6)

Diastolic BP (mmHg)
Non-diabetic 66 (8) 65 (10) 70 (10)
DM 72 (8) 72 (8) 76 (5)
DM (hg) 69 (9) 70 (10) 67 (7)

RPP (mmHg/min)
Non-diabetic 6418 (814) 11,699 (1930)a 12,933 (1959)a,c

DM 6502 (854) 12,089 (795)a 13,259 (630)a,c

DM (hg) 6764 (1138) 11,601 (1719)a 12,226 (1801)a

DM, Type I diabetic; hg, during hyperglycaemia; RPP, rate
pressure product (systolic BP×heart rate)
a p<0.001, bp<0.05 vs resting
c p<0.05 vs adenosine

Fig. 2. Myocardial blood flow during basal conditions and dur-
ing adenosine stimulation without and with simultaneous insu-
lin infusion in diabetic patients (solid square) during normo-
glycaemia and non-diabetic subjects (open square) (see Fig. 1).
*p<0.001 vs basal, †p<0.05 vs saline, ##p<0.05, #p=0.08 vs
non-diabetic
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Fig. 3. Myocardial blood flow in diabetic patients during basal
conditions and during adenosine stimulation without and with
simultaneous insulin infusion during hyperglycaemia (■ ) and
normoglycaemia (■■ ) (see Fig. 1). *p<0.001 vs basal, †p<0.05
vs saline

We have shown that coronary vasoreactivity is re-
duced in Type I diabetic patients [3]. The previous
PET study was carried out during euglycaemic hy-
perinsulinaemia (serum insulin ~70 mmol/l) and we
found that hyperaemic myocardial blood flow was
29% lower in diabetic than non-diabetic subjects
(p<0.05). When compared to the present study, diabet-
ic patients of our previous study had slightly poorer
glycaemic control (HbA1c 7.4 vs 8.1%) and some of
them had also mild background retinopathy which
might contribute to the findings. To study the effect of
Type I diabetes, the diabetic patients of this study had
no diabetic complications or other diseases such as
obesity, hypertension and hyperlipidaemia, which are
also known to reduce coronary vasoreactivity [5, 6, 7,
8]. In this study we demonstrated that coronary vaso-
reactivity is already reduced in young patients with
uncomplicated Type I diabetes and good glycaemic
control. This could represent an early precursor of fu-
ture coronary artery disease in these diabetic patients.

In our study, insulin’s vasodilatory effects were
measured during adenosine infusion. A significant
part of adenosine-induced vasodilation is endotheli-
um-dependent [41]. In contrast to resting condition
where flow and myocardial work (oxygen consump-
tion) are tightly coupled, during adenosine stimulation
metabolic control of myocardial blood flow is lost but
endothelial and neurogenic controls are still function-
al. In addition, the flow is directly dependent on blood
pressure and modulated by mechanical forces in the
myocardial wall [42]. At resting conditions it seems to
take at least 2 h for physiological hyperinsulinaemia
to induce significant vasodilation in myocardial vas-
culature [11, 43]. However, in peripheral vasculature
insulin, possibly by potentiating endothelium-depen-
dent vasodilation, has been found to enhance the ef-
fect of endothelium-dependent vasodilators before any
changes in basal blood flow can be detected [44, 45].
Accordingly physiological hyperinsulinaemia for 1 h
enhances adenosine-stimulated myocardial blood flow
in healthy humans [14, 46]. This synergistic effect of
adenosine and insulin on myocardial perfusion dem-
onstrates that adenosine alone is not able to induce
“maximal” hyperaemia.

Intravenous insulin therapy has been shown to be
beneficial in the treatment of short-term myocardial
infarction especially in diabetic patients [19]. It has
been shown using SPECT that glucose-potassium-in-
sulin infusion therapy improves regional myocardial
perfusion and function mainly in segments adjacent to
the recently infarcted area [47]. Several metabolic
mechanisms, such as changes in glucose [15, 16] and
non-esterified fatty acid metabolism [17, 18], could
explain it. In this study, we showed that insulin induc-
es coronary vasodilation similarly in diabetic and non-
diabetic subjects. Therefore, insulin’s vasodilatory ef-
fects on myocardial blood flow might also, at least in
partly, contribute to this beneficial effect of intensive

sine stimulated myocardial blood flow and HbA1c in
the pooled data (r=–0.50, p<0.05) but not in the dia-
betic or non-diabetic subjects alone (NS). Insulin in-
creased (p<0.05) adenosine stimulated myocardial
blood flow similarly in diabetic (23%) and non-dia-
betic (17%) subjects (NS between the groups). Hyper-
aemic flow during insulin infusion tended to be lower
in diabetic than non-diabetic subjects (4.09±0.75 vs
4.81±1.00 ml·g–1·min–1, p=0.08; Fig. 2).

Myocardial blood flow during hyperglycaemia. The
effect of hyperglycaemia was studied only in eight out
of the nine diabetic patients. Hyperglycaemia did not
alter resting myocardial blood flow (0.76±0.14 ml·g–1·
min–1) or adenosine stimulated flow without
(3.35±0.53 ml·g–1·min–1) or with (4.20±1.05 ml·g–1·
min–1) insulin infusion (NS vs normoglycaemia;
Fig. 3). During hyperglycaemia insulin infusion in-
creased significantly (p<0.05) and similarly hyper-
aemic myocardial blood flow than during normo-
glycaemia in diabetic patients (NS; Fig. 3).

Discussion

We found that hyperaemic adenosine stimulated myo-
cardial blood flow is already reduced in young pa-
tients with uncomplicated Type I diabetes and good
glycaemic control. Insulin induces coronary vasodila-
tion similarly in diabetic and non-diabetic subjects
and short-term hyperglycaemia appears not to alter
myocardial blood flow or abolish insulin-induced va-
sodilation in Type I diabetic patients.



insulin therapy in the treatment of diabetic patients
with acute myocardial infarction. In skeletal muscle in
the two studies available insulin induced vasodilation
was reduced in one study [48] but was normal in an-
other study [49] in Type I diabetic patients.

Recently, it has been found that during chronic hy-
perglycaemia, endothelial cells’ metalloproteinases
are activated, indicating a mechanism by which poor
glycaemic control could increase the risk for athero-
sclerotic complications [50]. However, short-term hy-
perglycaemia (24-h) was not able to induce the same
alteration [50]. In this study, we studied the effect of
high plasma glucose concentrations on myocardial
perfusion in Type I diabetic patients. We found that
hyperglycaemia for two days did not alter any of the
flow values or abolish insulin induced vasodilation in
diabetic patients. The effect of hyperglycaemia was
studied only in diabetic patients because a longer peri-
od of hyperglycaemia (e.g. 2 days) is not feasible in
non-diabetic subjects. In peripheral vasculature the ef-
fects of acute hyperglycaemia on blood flow are con-
troversial because in one study hyperglycaemia blunt-
ed insulin induced vasodilation [48] while in another
more recent study hyperglycaemia did not alter blood
flow or its response to insulin [49].

Poor glycaemic control is associated with micro-
vascular complications in Type I diabetic patients [51,
52, 53]. Chronic hyperglycaemia might also increase
the risk for coronary artery disease by many mecha-
nisms, such as abnormalities in lipoprotein particle
composition, irreversible glycation of proteins in the
arterial wall [54], acceleration of thrombus formation
[54] and oxidation of lipoproteins [55] or worsening
of insulin resistance and hyperinsulinaemia [56]. Con-
sistent with that many [20, 21, 22, 23] but not all stud-
ies [57, 58] have found that higher HbA1c is a predic-
tor for macrovascular complications. We found that
HbA1c was inversely associated with hyperaemic
adenosine stimulated myocardial blood flow in the
pooled data but not in the diabetic or non-diabetic
subjects alone. Thus, we cannot clearly explain the
role of chronic hyperglycaemia on coronary vasoreac-
tivity in this study. This important issue needs further
studies including diabetic patients with poor glyc-
aemic control because in our previous PET study [3]
diabetic patients with poorer glycaemic control than in
this study also had more reduced coronary vasoreac-
tivity.

In summary, the present data demonstrate that hy-
peraemic adenosine-stimulated myocardial blood flow
is already reduced in young otherwise healthy patients
with uncomplicated Type I diabetes and good glyc-
aemic control. This could represent an early precursor
of future coronary artery disease in these diabetic pa-
tients. Insulin has similar vasodilative effects on coro-
nary arteries in diabetic and non-diabetic subjects
which might contribute to the known beneficial effects
of intensive insulin therapy on myocardial ischaemia

in diabetic patients. Short-term hyperglycaemia ap-
pears not to alter myocardial blood flow nor abolish
insulin-induced vasodilation in Type I diabetic pa-
tients.
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